associated with the greatest survival to the right, i.e. from 9.0 to ! 9.5 to 9.5 to ! 10.0 mg/dl. African-Americans exhibited the highest death hazard ratio of hypocalcemia ! 8.5 mg/dl, being 1.35 (95% CI: 1.22-1.49). Both a rise and drop in serum calcium over 6 months were associated with increased mortality compared to the stable group. Conclusions: Whereas in hemodialysis patients cumulatively high or low calcium levels are associated with higher death risk, subtle but meaningful interactions with phosphorus, PTH, paricalcitol dose and race exist.
Introduction
In recent years, the observational studies indicating increased morbidity and mortality associated with high serum calcium levels among long-term hemodialysis (HD) patients have been well publicized, and the data have been assertively conveyed to the nephrology community [1, 2] . However, most of these studies have examined short-term cohorts (1-3 years) or associations of baseline or instantaneously varying serum calcium with outcomes [1, 2] . To our knowledge, none has examined the mortality of cumulatively high or low serum calcium levels as a long-term surrogate of circulating calcium burden or deficiency. Given the frequent occurrence of calcium disarrays in chronic kidney disease (CKD) patients [3] , high degree of granularity of the recommended calcium target ranges by the guidelines (8.4-9.5 vs. 9.5-10.2 mg/dl) [4, 5] , racial disparities in bone and mineral disorders [6] , and the close surveillance of outcome measures in dialysis patients in particular bone and mineral disorder surrogates [7] , the outcomes associated with persistently high or low calcium levels across small calcium intervals (e.g. 0.5 mg/dl) are of major clinical relevance. Whereas the hypercalcemia-death association has often been mentioned in recent CKD studies [1, 2, 8, 9] , non-CKD literature describes serious complications including cardiovascular events associated with hypocalcemia [10] . In CKD patients, too, the results from several recent observational studies suggest a tendency towards increased death risk associated with hypocalcemia [2, 9, [11] [12] [13] [14] .
In recent years, there has been a tendency towards lower serum calcium levels in dialysis patients for the following reasons: (1) lowering dialysate fluid (bath) calcium concentrations from higher (3.5 mEq/l) to lower levels (2.5, 2.25 or 2.0 mEq/l); (2) use of calcimimetics; (3) switching from more calcemic active vitamin D (such as calcitriol) to less calcemic agents (such as paricalcitol [15] or maxacalcitol); (4) use of noncalcium-based binders; and (5) recommending lower dietary calcium intakes [7, [16] [17] [18] . The clinical outcomes of dialysis patients whose serum calcium is, on average, relatively low or high over a longer period of time is not clear. Heightened efforts to improve adherence to clinical practice guidelines to avoid 'high' serum calcium levels ( 1 9.5 mg/dl) to meet the socalled 'pay for performance' conditions may have led to practice patterns that lower calcium levels [7] . Hence, we revisited the mortality predictability of serum calcium, and in particular low calcium levels, over a longer period of time, i.e. up to 5 years, in a large (over 100,000 subjects) and contemporary (2001-2006) cohort of long-term HD patients prior to the widespread use of calcimimetics, but during the time where other calcium-lowering interventions, including lower dialysate calcium, were employed. We examined HD patients whose serum calcium and other laboratory values were measured monthly for up to 60 consecutive months in one single laboratory center (DaVita Lab). We hypothesized that both cumulatively high ( 1 10.0 mg/dl) and low ( ! 9.0 mg/dl) serum calcium levels are associated with an increased risk of death across diverse demographic and clinical categories of HD patients independent of race.
Methods

Patients
We extracted, refined and examined data from all individuals with CKD stage 5, who underwent HD treatment from July 2001 to June 2006, i.e. for 5 consecutive years, in one of the outpatient dialysis facilities large dialysis organization in the United States (DaVita prior to former Gambro acquisition). The study was approved by the institutional review committees of both the Los Angeles Biomedical Research Institute at Harbor-UCLA and DaVita Clinical Research.
Clinical and Demographic Measures
The creation of the cohort has been described previously [19] [20] [21] [22] [23] . Demographic data such as race and marital status were derived from Form 2728 (Dialysis Initiation) [24] . To minimize measurement variability, all repeated measures for each patient during any given calendar quarter, i.e. over a 13-week or 3-month interval, were averaged and the quarterly means in each of the 20 calendar quarters were used in survival analyses. In addition to quarterly values, time-averaged (cumulative) values were calculated for up to 20 calendar quarters (q1-q20) for every laboratory and clinical measure evaluated for each patient over the 5-year period, in that all monthly to quarterly values were averaged over the period. Dialysis vintage was defined as the duration of time between the 1st day of dialysis treatment and the 1st day that the patient entered the cohort. The 1st (baseline) study quarter for each patient was the calendar quarter in which the patient's vintage was 1 45 days during at least half of the time of that quarter.
Laboratory Measures
Blood samples were drawn using uniform techniques in all of the DaVita dialysis clinics and were transported to the DaVita laboratory in Deland, Florida, typically within 24 h. All laboratory values were measured by automated and standardized methods. Most laboratory values were measured monthly except for serum ferritin and intact PTH, which were measured at least quarterly. Most blood samples were collected predialysis with the exception of the postdialysis serum urea nitrogen to calculate urea kinetics. The Kt/V (single pool) was calculated using urea kinetic modeling equations as described elsewhere [23] . Residual urea clearance was calculated from an interdialytic urine collection and the mean of pre-and postdialytic serum urea levels [25] . Albumin-corrected calcium was calculated by adding 0.8 mg/dl for each g/dl serum albumin below 4.0 g/dl [2] .
Administered In-Center Medications
The average administered doses of injectable vitamin D receptor activators (VDRA) or erythropoietin-stimulating agents were calculated in each calendar quarter. Since over 90% of DaVita patients who received any VDRA between 2001 and 2006 received paricalcitol (Zemplar TM ; Abbott Laboratories, Abbott Park, Ill., USA), the dose of administered paricalcitol was calculated in g/ week for each calendar quarter and over the entire 5 years of the observation for each patient, and was included in the adjusted models. Patients who received any dose of paricalcitol were divided into tertiles of the averaged dose and examined separately (see below). For this study, data on oral medications including calcimimetics or phosphorus binders were not available. The calcimimetic cinacalcet became available in the United States during the last few months of this cohort [26, 27] . Hence, the cohort is practically a precalcimimetic cohort.
Statistical Methods
We employed Cox proportional hazards regression using timeaveraged (up to 5 years) values. For each analysis, 3 models were examined based on the level of multivariate adjustment. The first was an unadjusted (or minimally adjusted) model that included mortality data and entry calendar quarter (q1-q20). The second were case-mix adjusted models that included all of the above plus age, gender, race and ethnicity (African-Americans and other selfcategorized Blacks, Non-Hispanic Whites, Asians, Hispanics and others), diabetes mellitus, categories of dialysis vintage ( ! 6 months, 6 months to 2 years, 2-5 years and 6 5 years), primary insurance [government-sponsored (Medicare, Medicaid), private and/or others), marital status (married, single, divorced, widowed or other/unknown), the standardized mortality ratio of the dialysis clinic during the entry quarter, residual renal function during the entry quarter, and Kt/V. Finally the third were malnutritioninflammation-cachexia syndrome (MICS)-adjusted models which included all of the covariates in the case-mix model as well as 11 indicators of nutritional status and inflammation, including body mass index (BMI), the normalized protein catabolic rate [22] , and serum or blood concentrations of albumin, total iron-binding capacity, ferritin, creatinine, phosphorus, intact PTH, bicarbonate, peripheral white blood cell count, lymphocyte percentage and hemoglobin. In our view, results from the unadjusted models are likely to be profoundly confounded due to omission of such potential confounders as age and gender, while results from the MICSadjusted models may be overadjusted due to possible inclusion of biological intermediates. We thus prefer to base inferences on the case-mix adjusted models. Because we cannot be certain of the best model, we have presented all 3 adjustment levels to provide the full spectrum of results.
Patients who were transplanted, switched to peritoneal dialysis or left the DaVita clinics were censored at the time of the event.
Interaction terms based on the 3 strata (tertiles) of serum phosphorus and intact PTH and the prescribed dose of paricalcitol were included in additional analyses. Missing covariate data (under 1% for most laboratory and demographic variables) were imputed by the mean or median of the existing values. Most analyses were carried out with SAS, version 9.1 (SAS Institute Inc., Cary, North Carolina).
Results
The original 5-year (7/2001-6/2006) national database of all DaVita HD patients included 152,058 adult subjects. After deleting those patients who did not maintain at least 45 days of HD treatment (9,151 patients from the first 19 calendar quarters and 3,579 patients from the last quarter), 139,328 HD patients remained. Out of the latter population, we identified 107,200 HD patients in whom all quarterly serum calcium values and 90% or more of other monthly measured relevant laboratory values were available. These patients had a median cohort time of 582 days. Demographic and survival data among the 44,858 HD patients not included in this study were similar to the main cohort (data not shown). Values are percentages or means 8 SD, as appropriate. * Median value (25-75% quartile). KRU = Residual urea clearance; nPNA = normalized protein nitrogen appearance; nPCR = normalized protein catabolic rate; TIBC = total iron binding capacity; WBC = white blood cell count .
We divided the 107,200 HD patients into 3 a priori selected serum calcium categories of ! 8.5, 8.5 to ! 10.2, and 6 10.2 mg/dl to be similar to the suggested calcium levels of the Kidney Disease Outcome Quality Initiative (KDOQI) guidelines ( table 1 ) [4] . As shown in table 1 , 3.6% of patients maintained a time-averaged serum calcium ! 8.5 mg/dl. Comparing the latter hypocalcemic group with those with serum calcium 6 10.2 g/dl, the hypocalcemic patients had less women, more Hispanics and slightly higher serum phosphorus levels.
We divided the time-averaged corrected serum calcium values into 8 a priori selected groups of ! 8.0 mg/dl and 6 11.0 mg/dl and 6 groups of 0.5 mg/dl increments in between. Cox regression calculated death hazard ratios of the calcium groups (reference group: serum calcium 9.0 to ! 9.5 mg/dl) are shown in figure 1 . The greatest sur- vival was associated with serum calcium in the 9.0-10.0 mg/dl range. Both low ( ! 9.0 mg/dl) and high calcium levels ( 1 10.0 mg/dl) were associated with increased death risk relative to the reference group. Given the statistical interactions found between serum calcium levels and other pertinent values including serum phosphorus and PTH levels and the administered VDRA dose and dialysate bath (data not shown), we further examined the mortality predictability of serum calcium within 3 strata (tertiles) of serum phosphorus ( ! 3.5, 3.5-5.5, and 6 5.5 mg/dl) and PTH ( ! 150, 150 to ! 300, and 6 300 pg/ml), consistent with the recommended KDOQI cutoff values, as well as tertiles of the administered paricalcitol doses, as shown in figures 2-4 . Figure  2 shows that in patients with low phosphorus patients ( ! 3.5 mg/dl), where high calcium 1 9.5 mg/dl was associ- ated with increased mortality, low calcium ! 9.0 mg/dl was not associated with an increased risk of death; however, in the upper 2 tertiles of serum phosphorus ( 6 3.5 mg/dl) a low calcium ! 9.0 showed incremental increase in mortality, while the greatest survival belonged to calcium in the 9.0-10.0 mg/dl range. A similar trend was observed across the tertiles of serum intact PTH ( fig. 3 ). Across the increasing tertiles of the administered paricalcitol dose ( fig. 4 and table 2 ), a shift towards greater survival with higher calcium levels was noticed. Under the highest paricalcitol dose serum calcium 9.5-10.0 mg/ dl was associated with 9% better survival than the 9.0-9.5 mg/dl (reference), i.e. a death hazard ratio of 0.91 (95% CI: 0.87-0.95). Calcium-mortality associations were similar across tertiles of dialysate calcium bath (data not shown). We also examined the association between c hanges in serum calcium over the first 6 months of the cohort and subsequent mortality. As shown in figure 5 , compared to HD patients whose serum calcium remained relatively stable ( 8 0.2 mg/dl range), patients whose serum calcium dropped more than 0.6 mg/dl or increased more than 0.2 mg/dl over 6 months showed an increase in death risk. Finally, we also compared the mortality-predictability of time-averaged low serum calcium ( ! 8.5 mg/dl) to the reference (8.5 to ! 10.2 mg/dl) in the cohort. As shown in figure 6 , low calcium was associated with increased death risk in almost all subgroups of HD patients. In particular, African-Americans and those with longer dialysis vintage time or higher PTH levels showed increased death risk with hypocalcemia ! 8.5 mg/dl. In African-American HD patients, the death hazard ratio of hypocalcemia was 1.35 (95% CI: 1.22-1.49).
Discussion
We studied the mortality-predictability of time-averaged serum calcium in 107,200 thrice-weekly HD patients in a large US dialysis organization from 2001 to 2006, an era that preceded the widespread use of calcimimetics, but that included such calcium-lowering interventions as lower dialysate calcium concentrations and noncalcium-based phosphorus binders. We found that both low ( ! 9.0 mg/dl) and high calcium levels ( 1 10.0 mg/dl) were associated with an increased risk of death when compared to the reference range of 9.0-9.5 mg/dl. Whereas the association of hypercalcemia with mortality was rather consistent, the mortality-predictability of low calcium ! 9.0 mg/dl was most prominent among those with higher serum phosphorus ( 1 3.5 mg/dl) and PTH ( 1 150 pg/ml). Higher doses of paricalcitol shifted the calcium range associated with the greatest survival to the right. African-Americans and those with longer dialysis vintage were more susceptible to the deleterious effect of low calcium ! 8.5 mg/dl. Both a rise and fall in serum calcium over 6 months were associated with an increased death risk. These findings may have important implications for the management of dialysis patients in an era where more emphasis is placed on lowering serum calcium based on data related to the death risk of hypercalcemia. Much less attention has been paid to the potential consequences of hypocalcemia, which seems to be on the rise in recent years, or interaction with other relevant conditions such as race, other laboratory values or the VDRA dose.
A rather persistent mortality-predictability of high serum calcium levels, usually above the 9.5-10.5 mg/dl range, has been reported in several recent epidemiologic studies in CKD populations [1, 2, 8, 9] . Since enhanced calcification of blood vessels, including coronaries, occurs often in CKD patients and is a strong death predictor [28] , the hypercalcemia-death associations are often attributed to vascular calcification upon higher calcium load. The reported associations between high serum calcium levels and increased mortality, along with emerging data indicating a high prevalence of vascular calcification [28, 29] , adynamic bone disease [30] [31] [32] and calciphylaxis [33] in CKD patients in the late 90s led to a quasi paradigm shift with recommendations for lower serum calcium levels. [4] To that end, the historical notion about the advantage of preventing negative calcium balance by using higher dialysate calcium concentrations (3.5 mEq/l) [34, 35] was replaced with such calcium-lowering interventions as low dialysate calcium concentrations of 2.5 mEq/l or even lower; more frequent administration of calcimimetics, less calcemic active vitamin D agents [17, 36] and noncalcium-based phosphorus binders [37, 38] ; and restricting dietary calcium levels [18] . As a result, lower serum calcium levels have been observed more frequently in recent years among dialysis patients [39] . However, the clinical outcomes of patients with lower serum calcium remained less clear. We found that cumulatively low calcium levels ! 9.0 mg/dl are associated with increased death risk in most subgroups of HD patients. The contribution of the changes of serum calcium over time can be better examined using cumulatively averaged values over longer periods of time. In our study, the monthly measured serum calcium was averaged for up to 60 months, which is a unique strength of our study.
Maintenance of normal calcium balance and serum calcium concentrations is dependent upon a complex regulation of calcium absorption by the intestinal tract, excretion of calcium by the kidney when it is functional, and release of calcium from and deposition into the bone [32, 40] . PTH increases serum calcium levels by stimulating bone resorption and renal distal tubular calcium reabsorption, and by promoting the conversion of 1-␣ -hydroxylation of 25(OH)D 3 to calcitriol [1,25(0H) 2 D 3 ] in the kidney [41, 42] . In patients with CKD, the fraction of intestinal calcium absorption in the gastrointestinal tract is reduced because this process is vitamin D-dependent and because CKD patients have reduced blood and tissue levels of calcitriol [17, 43] . The CKD-associated hypocalcemia may be related to serious adverse outcomes, includ-ing worsening secondary hyperparathyroidism and bone demineralization that is common in CKD [44] .
Calcium ions play a crucial role in excitation-contraction coupling in the myocardial cell, leading to enhanced automaticity and contractility in cardiac myocytes [45] . Thus, hypocalcemic states can precipitate such adverse cardiac events as cardiomyopathy, congestive heart failure, ventricular tachycardia and other arrhythmias [46, 47] . EKG findings in hypocalcemia include prolongation of the QT c interval, which may lead to torsades de pointes and ventricular fibrillation, and decreased T wave voltage and negative T waves [48] . These events may result in sudden death, which is a common cause of mortality in HD patients [49] . Cramps, tetany, seizures and a host of other neurological complications may also occur in hypocalcemic states [46, 47] .
There have been mixed data about the mortality-predictability of low serum calcium in CKD patients. Lowrie and Lew [11] were the first to report increased mortality with calcium ! 9.0 mg/dl in over 12,000 HD patients. In 1,846 prevalent HD patients, Wald et al. [12] reported that serum calcium levels below the KDOQI recommended target of 8.4-9.5 mg/dl were associated with increased mortality. In a cohort of 25,588 HD patients, Tentori et al. [13] reported that low baseline and time-dependent serum calcium levels ! 8.5 mg/dl were associated with greater risk of all-cause mortality. Similar findings were reported by Kalantar-Zadeh et al. [2] in a 2-year cohort of 58,058 HD patients, in whom serum calcium levels ! 8.5 mg/dl (compared to 9.0-9.5 mg/dl) were associated with increased death risk in time-dependent models. A similar trend, although not statistically significant, was reported by Melamed et al. [14] . However, Block et al. [1] did not find an increased mortality risk with hypocalcemia in 40,538 HD patients from the Fresenius dialysis clinics. Young et al. [50] found that serum calcium concentrations ! 7.8 mg/dl were associated with lower mortality compared to 9.0-9.5 mg/dl. Other deleterious outcomes can also be associated with hypocalcemia. Schwarz et al. [8] and Kovesdy et al. [9] found an association between low serum calcium levels and the higher rate of CKD progression and mortality. Noordzij et al. [51] reported a trend towards increased odds of muscle cramps in CKD patients with low calcium levels.
We found that a low serum calcium ! 9.0 mg/dl was even more strongly associated with increased death risk among African-Americans ( fig. 6 ). African-Americans have more severe secondary hyperparathyroidism and higher calcium levels [6] . Their higher susceptibility to the deleterious effect of hypocalcemia may be due to lower circulating vitamin D levels in African-Americans [6] . A similarly strong association was also found among HD patients who have been treated with dialysis for longer periods of time and those with higher serum PTH and phosphorus levels. It is possible that lower phosphorus levels (resulting from lower dietary phosphorus burden) [52, 53] or lower PTH levels (resulting from higher VRDA doses) [15, 54] mitigate the death risk in general, including in hypocalcemia. Lack of similar associations in other subgroups such as Asian HD patients may be related to statistical power rather than biological differences. Future studies are needed to verify these associations.
A limitation of our study is that we could not examine the factors that were associated with the different levels of serum calcium due to missing information concerning the types of phosphorus binders or the dietary sources of calcium. Our cohort belonged to the precalcimimetic era, and it could be argued that hypocalcemia as a result of calcimimetics may not be as deleterious. Never- theless, we consider it to be a unique strength of our study that our cohort was not contaminated by the calcium-lowering effects of calcimimetics, so that hypocalcemia could be examined with less confounding. Lower calcium levels may lead to worse survival by virtue of modulating the patient's nutritional and inflammatory status, so that MICS-adjusted models may be misleading due to overadjustment for these intermediates. If so, the case-mix adjusted models may be more appropriate. The strengths of our study include: (1) its contemporary nature since all patient data were obtained from the 21st century (2001-2006); (2) uniform laboratory measurements, with all laboratory data obtained from one single laboratory facility; (3) large sample size; (4) time-averaged Kt/V and laboratory data of up to 60 monthly measurements; and (5) examining up to 5 years of data rather than shorter periods.
Conclusions
Among 107,200 HD patients whose serum calcium was measured monthly for up to 60 months (7/2001-6/2006) in the precalcimimetic era, both low and high values of time-averaged serum calcium levels were associated with increased death risk. The mortality predictability of low serum calcium was particularly prominent among African-Americans and those with longer-term vintage and higher PTH values. Low serum phosphorus or PTH levels were associated with less obvious mortality predictability of hypocalcemia. Higher paricalcitol doses shifted the calcium range associated with the greatest survival to the right. Both a rise and drop in serum calcium over the first 6 months were associated with an increased death risk in the ensuing years. The implications of our findings for the management of CKD patients deserve further examination during the current era, where a trend toward a lowering of the serum calcium concentrations in dialysis patients has been occurring.
